Introduction
Over the past decade, an asymmetric reaction accelerated by a catalytic amount of small chiral organic molecules, the so called enantioselective organocatalysis, has become a rapidly growing research fi eld in modern asymmetric synthesis. 1 In organocatalytic transformations, the activation of reactants through hydrogen bonding interactions has proven to be a brilliant strategy to provide a chiral environment for the transient assembly of reactants and organocatalysts. Among these, chiral Brønsted acid catalysis has emerged as one of the most powerful methods for enantioselective transformations. 2 In 2004, Akiyama et al. 3 and our group 4 independently developed binaphthol derived phosphoric acids 1 as chiral Brønsted acid catalysts ( Figure 1a ). Today, chiral phosphoric acids and their derivatives are utilized as versatile catalysts for numerous enantioselective transformations. 2a,2c,5 During the course of our studies, we came across an elegant X ray crystal structure of the phosphate salt ( Figure 1b ) in our literature search for the structural properties of phosphoric acids. The X ray crystal structure shown in Figure 1b is that of methylguanidinium dihydrogenorthophosphate, a model compound of arginine/ phosphate hydrogen bonding, reported by Larsen and co workers in 1973. 6 The double hydrogen bonding interaction between phosphate and guanidinium shown in this structure inspired us to develop chiral guanidines as enantioselective Brønsted base catalysts, based on similarities in the concept of the catalytic design of chiral phosphoric acid catalysts. 4,5c e As proposed in the catalytic design of chiral phosphoric acids (Figure 2a ), guanidines are expected to capture nucleophilic components through hydrogen bonding interactions without forming loose ion pairs, after deprotonation from pro nucleophiles. In addition, the N H proton would function as a Brønsted acidic site and hence could convey the acid/base dual function even to monofunctional guanidine catalysts ( Figure  2b ). As mentioned in Section 2, it is anticipated that an effi -cient substrate recognition site would be constructed around the activation site, namely, two of three nitrogen atoms of the guanidine catalyst, due to its acid/base dual function. This catalytic design is conceptually similar to the mainstream of the development of bifunctional organocatalysts reported to date. 1, 7 However, in a strict sense, the proposed dual function should be distinguished from those of most bifunctional organocatalysts in which rather weakly acidic and basic functionalities are introduced individually to the catalyst molecule. On the basis of this distinguishable approach, the dual function of a monofunctional catalyst, we developed novel axially chiral guanidines 2 and 3 as chiral Brønsted base catalysts (Figure 2c ). In this account article, we present our recent achievements in enantioselective transformations catalyzed by
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Design of Axially Chiral Guanidine Catalysts
Guanidine is a ubiquitous element in natural products and plays a key role in many biological activities. In peptides, guanidine, a residue of arginine, exists in the protonated form as a guanidinium ion, which functions as an effi cient recognition moiety of anionic substrates, such as carboxylate, phosphate, and nitronate, 8 as exemplifi ed in Figure 1b . The guanidinium ion also participates in numerous enzymatic transformations as it is able to adopt a transition state assembly with the substrates to reduce the activation energy or stabilize anionic intermediates, as well as orient specifi c substrates based on their electronic properties. 9 These characteristic aspects of the guanidinium ion originate from electrostatic attraction and the formation of two parallel hydrogen bonds. In addition to their biological role, guanidine derivatives are widely utilized in synthetic organic chemistry as strong bases a property that results from the resonance stability of their conjugate acids. 10 It is anticipated that the strong basic character of guanidine derivatives coupled with their ability to act as recognition elements will lend them to several applications as enantioselective base catalysts. Indeed, chiral guanidine catalysts are attractive targets in organocatalysis, 11 a research topic of increasing interest. However, when we began this research project in 2003, enantioselective catalysis using chiral guanidine bases faced limited success ( Figure 3 ). 12 One major and intrinsic problem in the development of guanidine as an effi cient chiral catalyst is the planar and hence highly symmetrical structure of the protonated form of the guanidinium ion ( Figure 4a ). To overcome this structural drawback, a general approach to constructing chiral guanidine catalysts is to intro-duce a mono to polycyclic system composed of fi ve and/or six membered ring(s) with central chiralities (Figure 3 ). 12, 13 In this context, we presented a new strategy for the design of chiral guanidine molecules as effi cient organocatalysts, which is characterized by the introduction of an axial chirality with a ring structure. 14 Two types of ring systems are formed when the ring structure is introduced to the guanidine functionality. One is that an N C N guanidine subunit is involved in the ring structure (Type I: Figure 4b ). In the other ring system, one nitrogen atom of guanidine is involved in the ring structure (Type II: Figure 4c ). Figure 2c , binaphthyl derivatives having C 2 symmetry were selected as chiral sources to construct the ring structure, because we were able to successfully develop chiral phosphoric acid catalysts 1 using axially chiral binaphthol derivatives. Binaphthyl derivatives are well known axially chiral molecules and the C 2 symmetry is crucial to our catalytic design. In the Type I ring structure, the same catalyst is generated when substituent G attached to the terminal nitrogen atom turns to the opposite side. Similarly, in the Type II ring structure, the same catalyst is generated when the acidic proton migrates to the basic N C nitrogen atom of guanidine. In addition, both enantiomers of the binaphthols are commercially available and numerous protocols for substituent introduction have been reported to date, in which substituents Ar are introduced at the 3,3 positions of the binaphthyl backbone. These sterically as well as electronically adjustable substituents Ar can be utilized to create an appropriate chiral environment for enantioselective transformations.
As shown in
Axially Chiral Guanidine Catalysts Having Type I (Nine Membered) Ring Structure
The Type I ring structure provides axially chiral guanidine catalysts 2 having a nine membered ring. In general, the nine membered ring is inherently conformationally fl exible; however, the present ring structure, including the three atoms of the planar guanidine skeleton, would become rigid as a result of axial chirality. As illustrated in Figure 5 , the 3D structure optimized by DFT calculation indicates that substituents Ar (calculation: Ar C 6 H 5 ) introduced at the 3,3 positions of the axially chiral binaphthyl backbone would unequivocally break the planar symmetry of the guanidine skeleton.
1,4 Addition of 1,3 Dicarbonyl Compounds to Nitro alkenes
To evaluate the catalytic effi ciency of axially chiral guanidines 2 as enantioselective base catalysts, we investigated the 1,4 addition of 1,3 dicarbonyl compounds 4 to conjugated nitroalkenes 5 (Scheme 1), 15 because several enantioselective organocatalytic approaches were reported to date, 16, 17 and hence this reaction seems to be appropriate to evaluate the potential of 2.
The reaction of β nitrostyrene (5a: R 4 C 6 H 5 ) with dimethyl malonate (4a) was performed using 2 mol% of (R) 2 in diethyl ether at 0 . As shown in Figure 6 , not only the steric demand of substituents Ar but also their electronic properties had a prominent effect on both catalytic activity and enantioselectivity. Whereas catalysts 2b and 2c with the electron withdrawing group CF 3 showed low turnover frequency in comparison with parent catalyst 2a (Ar C 6 H 5 ), the introduction of the electron donating group tert butyl at the para position, 2d, exhibited a positive effect. Substituent G attached to the guanidine nitrogen atom also had a strong impact on the enantioselectivity: The less sterically hindered methyl substituent resulted in a marked improvement in enantioselectivity. Further modifi cation of the phenyl ring at 3,5 positions (2f, g. h) was the most effective, affording products 6a in high enantioselectivities compared with para substituted catalyst 2e. In particular, 2h, 18 which possesses the bulky substituent 3,5 bis (3,5 di tert butylphenyl)phenyl, exhibited the greatest catalytic effi ciency: the reaction was completed within only 10 minutes and high enantioselectivity was achieved.
Guanidine 2h exhibited remarkable performance for a broad range of nitroalkenes 5 in terms of catalytic activity and enantioselectivity (Scheme 2). In the reactions of a variety of aromatic substituted nitroalkenes 5 with 4a, uniformly high chemical yields and enantioselectivities were obtained. Guanidine 2h also displayed high catalytic effi ciency for aliphatic nitroalkenes, which are challenging substrates in terms of reactivity and selectivity. 16, 17 Although slightly lower enantioselectivities than those of their aromatic counterparts were observed, the reactions proceeded within a reasonable period by increasing the catalyst loading to 5 mol%. Various types of 1,3 dicarbonyl compounds 4, such as α substituted malonate, 1,3 diketone, and β keto ester, were also applicable to the present catalytic system. The high catalytic effi ciency of 2h was highlighted by a gram scale experiment with low catalyst loading, where 0.4 mol% of 2h was suffi cient for the completion of the reaction within 2 h at 20 . Furthermore, 2h was recovered in a nearly quantitative manner (96%) as an HCl salt by acidic work up and subsequent purifi cation by column chromatography.
1,4 Addition of Diphenyl Phosphite to Nitroalkenes
Optically active α and β amino phosphonic acids and their phosphonate esters are an attractive class of compounds due to their potent biological activities as non proteinogenic analogues of α and β amino acids. 19, 20 Although several outstanding methods for the enantioselective synthesis of α amino phosphonate esters have been established using either metal based catalysts or organocatalysts, 21 the asymmetric synthesis of β amino phosphonate derivatives has been largely unexplored, despite the intriguing therapeutic action of these compounds. 20 In this context, it is considered that the asymmetric 1,4 addition reaction of dialkyl phosphites with nitroalkenes 22,23 provides a practical route to the β amino phosphonates, which can be transformed from the corresponding 1,4 addition products, β nitro phosphonates, through simple reduction of the nitro group. The development of a catalytic enantioselective 1,4 addition reaction of nitroalkenes with di substituted phosphites is hence a substantial step towards the synthesis of enantioenriched β amino phosphonates.
Nine membered chiral guanidines 2 functioned as effi cient enantioselective catalysts in the 1,4 addition of diphenyl phosphite (7) to nitroalkenes 5. 24 After exploring substituents Ar and G of guanidine catalysts 2, the introduction of bulky substituents at the terminal nitrogen atom of the guanidine moiety (substituent G) was found to be the most effective with respect to the enantioselectivity (Scheme 3). This substituent effect contrasts the 1,4 addition of 1,3 dicarbonyl compounds shown in Figure 6 . Thus, guanidine catalyst (R) 2i having a benzhydryl group exhibited remarkable performance to yield corresponding β nitro phosphonates 8 with high enantioselectivities, where molecular sieve 4A was required as an acid scavenger 25 to avoid the deactivation of the guanidine catalyst by acidic impurities presumably generated by the partial hydrolysis of 7. The catalytic activity of 2i was prominent; the catalyst loading could be reduced to 1 mol% without any loss of enantioselectivity. A series of nitroalkenes bearing aromatic substituents with various electronic properties all proved to be superior substrates with respect to enantioselectivity and chemical yield. Although aliphatic substituted nitroalkenes exhibited slightly lower enantioselectivities than their aromatic counterparts, their performance in the present enantioselective reaction with 7 was still good, considering their typically low reactivities in 1,4 addition reactions.
The reduction of the nitro group in 8a (R C 6 H 5 ) was examined under modifi ed nickel boride conditions (Scheme 4). The reduction was readily accomplished in the presence of Boc 2 O to yield N Boc β amino phosphonate (9) without compromising the integrity of the stereogenic center. 26
Direct Vinylogous Aldol Reaction of Furanone Derivatives
The aldol reaction is one of the most ubiquitous in synthetic organic chemistry. The vinylogous extension of this fundamental C C bond forming reaction to nucleophilic components, namely, the vinylogous aldol (VA) reaction, has also been intensively investigated 27 as the method provides efficient access to highly functionalized δ hydroxy carbonyl compounds bearing a double bond. In particular, the utilization of 2 silyloxyfuran as the vinylogous nucleophile has attracted much attention 28 because the reaction provides γ substituted butenolides, 29 an important structural motif existing in naturally occurring products and biologically active compounds. In this context, the development of the enantioselective catalysis of the VA reaction using 2 silyloxyfuran continues to be a substantial challenge in organic synthesis and several notable approaches have been reported to date. 28b The direct use of 2 (5H) furanone derivatives instead of 2 silyloxyfuran as the preformed nucleophile provides a practical entry to γ substituted butenolides. However, despite its distinct advantage of being more atom economical, the enantioselective catalysis of the direct VA reaction of furanone derivatives was not reported until 2009. 30 We thus aimed to develop a chiral guanidine catalyzed direct VA reaction of furanone derivatives yielding enantioenriched butenolides. For this purpose, dihalofuran 2(5H) ones 10 seemed attractive as the vinylogous nucleophiles 31 because the products thus formed would possess inherent multi functionality and versatility as chiral building blocks. 32 In addition, the halo substituents would enhance the acidity of the fura- nones at the γ position and prevent bond formation at the α position, as with the conventional aldol reaction. Indeed, nine membered chiral guanidine catalysts 2 worked well in the VA reaction of 3,4 dichlorofuran 2(5H) one (10a) with benzaldehyde (11a) (Scheme 5). 33 Although a thorough optimization of substituents Ar and G of guanidine catalysts 2 was required to achieve high enantioselectivity, the introduction of a benzhydryl moiety having electron donating methoxy groups as substituent G improved both enantio and diastereoselectivities signifi cantly. Trimethoxy substituted catalyst 2j exhibited the best performance and syn 12a was obtained in a nearly optically pure form. However, the diastereoselectivity remained moderate. We therefore turned our attention to a dibrominated alternative, 3,4 dibromofuran 2(5H) one (10b). Delightfully, the diastereoselectivity could be slightly improved, presumably due to the steric demand of the bromine substituent (Scheme 5). Further optimization of the reaction conditions by screening solvents led to an increase in the diastereoselectivity while maintaining a high enantioselectivity. A mixed solvent system composed of acetone and THF provided the best result. Guanidine 2j functioned as an effi cient catalyst for the VA reaction of dibromofuranone 10b with a range of aromatic aldehydes 11. 33 Corresponding VA products were obtained in high yields with good diastereo and excellent enantioselectivities for the syn isomer.
Taking into account the absolute confi gurations of pro ducts 12a and 12b and the effects of substituents Ar and G on the catalyst, we proposed a transition state model of the present syn selective VA reaction on the basis of the acid/base dual functional catalysis by chiral guanidine 2j (Figure 7) . A guanidinium ion generated by the deprotonation of furanone derivative 10 by 2j would interact not only with anionic 10 but also with aldehyde 11 through hydrogen bonds formed between the N H protons of the guanidinium ion and the Brønsted basic sites of the anionic oxygen of 10 and the carbonyl oxygen of 11, respectively. 34 Furthermore, anionic furanone derivative 10 exists in close vicinity to substituent G in the transition state, as illustrated in the model shown in Figure 7 . The observed stereoselectivity can be rationalized by this transition state model, in which the aldehyde would approach 10 from the far side of substituent G while keeping away from the phenyl substituent at the 3,3 positions of the binaphthyl backbone. Here, 10 would be oriented to avoid the steric repulsion between the R moiety of aldehyde 11 and the substituent X introduced at the C4 position of the furan ring. In this arrangement, the si face of aldehyde 11 is attacked by the si face of 10 , giving 1 R confi gurational syn product 12.
Axially Chiral Guanidine Catalysts Having Type II (Seven Membered) Ring Structure
As mentioned in Section 3, we successfully developed novel axially chiral guanidine bases 2 as highly active and enantioselective catalysts for a couple of enantioselective transformations. The characteristic feature of 2 is the introduction of an axially chiral binaphthyl backbone with a nine membered ring structure ( Figure 5 ). In our continued efforts to develop efficient chiral guanidine catalysts, we also designed Type II axially chiral guanidines 3 having a seven membered ring structure. The corresponding protonated forms of guanidines 2 and 3, guanidinium ions 2 and 3 respectively, allow for the formation of multiple hydrogen bonds through the N H protons. However, guanidinium ion 3 is particularly interesting as it has C 2 symmetry (Figure 8a ). This contrasts the structural properties of 2 having pseudo C 2 symmetry. The 3D structure of 3 optimized by DFT calculation indicates that substituents Ar (calculation: Ar 4 PhC 6 H 4 ) introduced at the 3,3 positions of the binaphthyl backbone occupy diagonal quadrants separated by two symmetric planes of the guanidine moiety (Figure 8b) . We hence applied these characteristic features of axially chiral guanidines 3 to the development of enantioselective transformations.
Electrophilic Amination of Unsymmetrically Substituted 1,3 Dicarbonyl and Related Compounds
Using newly designed catalysts 3, we initially envisioned to facilitate the asymmetric induction at the α carbon of unsymmetrically substituted 1,3 dicarbonyl compounds 13 (X Y) by taking advantage of the structural properties of C 2 symmetric guanidinium ion 3 . As illustrated in Figure 9 , two binding modes of the ion pairs would be generated from 3 along with an enolate form of 13 through multiple hydrogen bonding interactions between oxygen atoms and the N H protons of 3 . It is anticipated that differences in the stereoelectronic nature of the unsymmetrical substituents (X and Y) of 13, as well as substituents Ar introduced at the 3,3 positions of the binaphthyl backbone of 3, would affect the preferred binding modes. Moreover, substituents Ar arranged with C 2 symmetry would create an effi cient chiral environment to discriminate between the enantiotopic faces of the enolate form of 13. Taking advantage of the uniqueness of 3 as a platform for the asymmetric induction at the α carbon of 13, we planned to study the enantioselective α hydrazination reaction of α monosubstituted 1,3 dicarbonyl compounds 13 (R H) with azodicarboxylates as the electrophilic nitrogen sources. 35, 36 We began by investigating the effects of substituents Ar of catalysts 3 and fi rst employed 3,5 diphenylphenyl (Scheme 6), which served as an effi cient substituent in Type I (nine membered) guanidine catalysts 2 (see Figure 6 ). 15 However, the electrophilic amination of cyclic β keto ester 13a with di tert butyl azodicarboxylate (14) catalyzed by 3a yielded amination product 15 with low enantioselectivity. We speculated that the reach of the steric demand exerted by the aromatic substituents is important to provide an effi cient chiral environment around the substrate recognition site at the guanidine moiety. We thus extended the reach of the aromatic substituents by introducing an additional group at the para position of the aromatic ring. For this purpose, a series of p biphenyl derivatives 3b d were examined. As expected, the less sterically hindered but farther reaching p biphenyl 3b resulted in a slight increase in enantioselectivity compared to 3,5 diphenylphenyl 3a. A dramatic increase in enantioselectivity was achieved by employing 3c, which possesses a 3,5 diphenyl on the terminal ring of the p biphenyl substituent. Further modifi cations at the 3,5 positions of the terminal phenyl group had marked effects on both catalytic effi ciency and asymmetric induction; the use of 3d resulted in the quantitative formation of 15a in 5 min along with excellent enantioselectivity. More importantly, the enantioselectivities and the yields were well maintained even when the catalyst loading of 2a was lowered from 2 to 0.05 mol%.
Both catalytic activities and enantioselectivities are dependent on the unsymmetrical 1,3 dicarbonyl compounds employed ( Figure 10 ). The enantioselective amination of cyclic β keto esters and 1,3 diketone catalyzed by 3d gave the corresponding products in quantitative yields with excellent enantioselectivities, although the enantioselectivity was seriously diminished in the reaction of β keto lactone 13e, presumably due to the comparable formation of the two binding modes, as shown in Figure 9 . Acyclic systems (13f h) with a methyl substituent at the α position were effective in the present enantioselective catalysis, although the ethyl substituent at the α position of 13i resulted in a considerable loss of enantioselectivity.
The enantioselective electrophilic amination of unsymmetrical 1,3 dicarbonyl compounds 13 catalyzed by chiral guanidine 3d yielded excellent enantioselectivities and catalytic effi - ciencies for cyclic β keto esters. However, for acyclic β keto esters, the enantioselectivities were strongly dependent on the alkyl substituent at the α position of the keto esters ( Figure 10 ). 35 In this context, we aimed to develop the enantioselective electrophilic amination of α alkyl substituted α cyanoacetate derivatives to overcome the inherent limitation of acyclic substrates. The enantioselective amination of α substituted α cyanoacetates is a powerful method to construct a densely functionalized quaternary stereogenic center. However, the method is applicable to α cyanoacetates with an aromatic group at the α position. General approaches to the highly enantioselective amination of alkyl substituted α cyanoacetates were not established until 2009, 36f despite the potential for further elaboration of the corresponding amination products, and hence is a challenging issue to be addressed. In this regard, α alkyl cyanothioacetates 16 were employed as substrates in the present electrophilic amination because of the potential for further derivatization of the thioester moiety in the obtained products 17.
Guanidine catalyst 3d exhibited superior performance for the amination of α cyanothioacetates 16a i having a variety of primary alkyl substituents at the α position, giving products with excellent enantioselectivities and yields (Scheme 7). 37 Specifi cally, α cyanothioacetates 16f i having functionalized primary alkyl substituents were applicable to the present enantioselective amination. The reaction was not compromised even on a gram scale and the catalyst loading could be decreased to 0.1 mol%, giving corresponding product 17e (R Bn) in high yield without any loss of enantioselectivity. In contrast to these primary alkyl substituents, the amination of cyanothioacetates having secondary alkyl and aromatic substituents, isopropyl 16j and phenyl 16k, respectively, was seriously compromised, giving products with moderate enantioselectivities.
The synthetic potential of this methodology was demonstrated by the transformation of the amination product into amino acid derivative 18 in three steps (Scheme 8). The derivatization of 17a was performed by reduction of the thioester moiety with NaBH 4 , followed by acid hydrolysis of the nitrile and N Boc protective groups in MeOH to afford the HCl salt of α hydrazinyl ester 20. Subsequent hydrogenolysis of the hydrazine moiety was conducted using PtO 2 catalyst to give serine derivative 18 having a quaternary stereogenic center at the α position.
[3 2]Cycloaddition of Maleate to Schiff Bases as a
Precursor of Azomethine Ylides As pointed out in Section 1 (see Figure 2b ), the acid/base dual function of a guanidine derived monofunctional catalyst would be anticipated. 4 ,5c e We therefore focused our attention on the potential of chiral guanidines as dual functional catalysts for enantioselective organic transformations, and envisioned the development of the chiral guanidine catalyzed 1,3 dipolar cycloaddition reaction of azomethine ylides genera- ted from Schiff bases 21. Our working hypothesis is depicted in Figure 11 . Chiral guanidines 3 would give rise to ion pairs consisting of a guanidinium ion and an enolate of Schiff bases 21 via deprotonation. As shown in brackets, the ion pairs would have several resonance structures generated by double hydrogen bonding interaction. Among the structures speculated, it is considered that C would be a 1,3 dipole, where the imine nitrogen atom of resonance structure A or B would be protonated by the acidic N H proton of the guanidinium ion to form azomethine ylides C. The enantioselective [3 2]cycloaddition reaction of azomethine ylides is one of the most powerful methods for the preparation of optically active pyrrolidine structures. A number of effi cient enantioselective catalyses have been established using chiral metal complexes. 38 Recently, organocatalytic approaches to the enantioselective [3 2]cycloaddition have been reported. 39 However, in most of those approaches, a geminal diester moiety is introduced to Schiff bases 21 to improve their reactivity (Scheme 9). Monoesters of Schiff bases 21 are rarely applied to organocatalytic reactions presumably due to their insuffi cient reactivity.
Axially chiral guanidines 3d were found to exhibit high catalytic activity. The 3d catalyzed reaction of Schiff base monoesters 21 (as the precursor of azomethine ylides) with dimethyl maleate (22) resulted in the exclusive formation of endo adduct 23, 40 although marked substituent effects of the aromatic ring introduced to Schiff bases 21 were observed with respect to chemical yields and enantioselectivities ( Figure 12 ). In particular, the enantioselectivity was strongly dependent on the electronic properties of the aromatic ring. Higher enantioselectivity was achieved by introducing a stronger electron withdrawing group to the phenyl ring and enantiomeric excess reached 91% in the reaction of 21a bearing a methoxycarbonyl group at the para position. Meanwhile, the introduction of an electron donating group at the para position led to a significant decrease in both enantioselectivities and chemical yields. In addition, acyclic products, 1,4 addition products 24, were obtained in 20 21% yield in the reaction of unsubstituted 21f and Schiff bases bearing an electron donating methoxy group, 21g.
It is considered that two reaction pathways may exist in the present catalytic cycloaddition reaction: the concerted pathway and stepwise one (Figure 13 ), because 1,4 addition products 24 were obtained in some cases. However, the reaction of 1,4 addition products 24 did not provide any cyclization products 23 under the same reaction conditions using guanidine catalyst (R) 3d, presumably because the unfavorable 5 endo trig cyclization mode was enforced on the intramolecular reaction of intermediate enolate D. Consequently, cyclization products 23 would be obtained through the concerted pathway. The exclusive formation of endo 23 coupled with the fact that no re cyclized product was formed from 24 could be ascribed to the formation of the 1,3 dipole, azomethine ylide, effi ciently under the infl uence of the acid/base dual functional catalyst, 3d, through the double hydrogen bonding interaction.
Conclusion
This article focused on recent achievements in the chemistry of chiral Brønsted base catalysis using axially chiral guanidines for enantioselective transformations. The idea originated from an X ray crystal structure of the phosphate/ guanidinium salt that we came across fortuitously in our literature search for the structural properties of phosphoric acids. We hence applied the concept, acid/base dual function by a monofunctional catalyst proposed for chiral phosphoric acids, to the catalytic design of chiral guanidine bases. As a result, we successfully developed two types of axially chiral guanidine catalysts that exhibited extremely high catalytic activities, and established several highly enantioselective transformations. 41 However, the enantioselective versions of many reactions still remain to be developed using chiral guanidine bases or other types of chiral Brønsted bases. Further elaboration of novel chiral Brønsted bases derived not only from other types of chiral backbones 42 but also from stronger basic functionalities 43 would lead to the discovery of more selective and efficient methods for a wide variety of enantioselective organic transformations.
